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-Vertical Profile Board
The board is divided into four strata beginning at 0.5 m and every 0.5 m from 0.5 m to 2 m. Though not shown here, there were 100 squares per strata.
Fig 2.-Vegetation Trends
Edge-to-interior trends for all six vegetation variables: (a) percent canopy cover, (b) number of logs, (c) vertical structural complexity, (d) coarse woody debris, (e) number of trees, (f) tree DBH Variables were averaged across traplines for ease of representation. Linear regressions were measured on complete dataset (n = 210) and not averaged across traplines. Table 4 .-Results from multiple univariate ANOVA's for movement and various habitat characteristics as compared across several edge definitions.
Introduction
As anthropogenic development increases habitat fragmentation, the ratio of edge habitat to interior habitat increases, resulting in changes to the landscape that can alter spatial use by vertebrate populations (Saunders et al. 1991) . The resulting edge effects (i.e., population responses to edge) vary dramatically depending on the species in question (Yahner 1988) . Although there is a great deal of literature detailing changes in the demography of small mammals at habitat edges (Lidicker 1995) , few studies agree on a definition of edge, or attempt to measure or control differences in edge habitat.
A lack of consistency in edge definition may result from a difficulty in defining edge habitat. Distances that most abiotic and biotic factors (e.g., shrub density, light, moisture) penetrate interior habitat vary from less than 5 m to more than 50 m (Murcia 1995) . As a result, investigators studying small mammals may define edge habitat arbitrarily or may use their trap spacing to define edge habitat (e.g., the edge is at 10 m because of 10-m trap spacing). Rather than such sharp edge delineations, most habitat edges are characterized by an edge-to-interior gradient of direct structural responses of vegetation to gradual changes in abiotic conditions (Harper et al. 2005) . Although animal to plant resource mapping has been explored in edge studies (particularly with birds), few investigators test for those specific vegetation characteristics to which their model species typically respond (Ries 2004). Kristan et al. (2003) provide an exception, showing that distributions of some species vary along an edge-to-interior gradient of changing vegetation.
This resultant habitat effect is a reflection of the concept that species do not respond to the edge itself, but rather to the changing vegetation at the edge (Kingston and Morris 2000) . Such trends in vegetation have been well defined in the literature. For example, tree density, coarse woody debris (CWD), and understory complexity decrease from edge to interior (Harper et al. 2005 , Harper and Macdonald 2002 , Murcia 1995 , Palik and Murphy 1990 while tree diameter at breast height (DBH) and canopy cover both increase from edge to interior (Harper et al. 2005 , Murcia 1995 , Williams-Linera 1990 . Few studies have investigated the response of small mammals along edge-to-interior gradients or have failed to adequately define the edge from an organismal perspective.
Since edge effects may be species-specific (Yahner 1988 ) and habitatspecific (Kingston and Morris 2000) , studies of edge effects must consider the habitat preferences of the study species. The abundant white-footed mouse (Peromyscus leucopus) is an excellent model species for fragmentation studies in eastern deciduous forests because its habitat preferences are well known (Baker 1968; Wolff 1985) . Peromyscus leucopus prefers areas with dense ground cover (M'Closkey and Lajoie 1975) , high vertical structural complexity of understory vegetation (Kaufman et al. 1983; Seagle 1985; Seamon and Adler 1996; Manson et al. 1999) , and fallen logs > 5 cm in diameter (Barry and Francq 1980; Barnum et al. 1992 ). In addition, P. leucopus is semi-arboreal (Nicholson 1941; Batzli 1977) , preferring abundant trees for travel routes, nest sites, and day refuges (Hansen and Warnock 1978; Barry and Francq 1980; Wolff and Hurlbutt 1982) . Moreover, trees with large basal area are used for nest sites (M'Closkey and Fieldwick 1975; Barry and Francq 1980; Wolff and Hurlbutt 1982) , and tree seeds are a major dietary item (Hamilton 1941; Whitaker 1966) . As such, P. leucopus uses the vertical environment for 15% to 50% of its movements (Barry et al.1984; Harney and Dueser 1987; Pruett et al. 2002) .
Effects of habitat edges on demography of P. leucopus have been well characterized in forest fragments bounded by crops (Middleton and Merriam 1983; Heske 1995; Nupp and Swihart 1996; Khrone and Hoch 1999; Anderson et al. 2003) , old fields (Manson et al. 1999) , and prairies (Wolf and Batzli 2002 ).
Investigators also have grouped different types of matrix habitat together in their studies of habitat fragmentation, despite the fact that populations may respond differently depending upon the type of habitat matrix (Jules and Shahani 2003) .
In some studies, density of P. leucopus has been higher in edge habitats (Cummings and Vessey 1994; Khrone and Hoch 1999; Anderson et al. 2003) .
Although estimates of abundance are not always good indicators of habitat quality (Van Horne 1983), higher densities at habitat edges have been attributed to greater suitability of edge habitat over interior habitat for P. leucopus (Yahner 1992; Nupp and Swihart 1996; Wilder 2005) . In other studies, density of P. leucopus has been lower near edges, which has been attributed to an increased risk of predation, and lower food availability because of decreased seed fall (Morris 1989; Murcia 1995; Morris and Davidson 2000; Wolf and Batzli 2002; Wolf and Batzli 2004) . Discrepancies among these studies could reflect differences in the way edge habitat was defined (i.e., from 10 m to 50 m wide).
Depending on their composition, habitat edges may either act as barriers (hard edges) or conduits (soft edges) for dispersal from forest adjacent to crop (Stamps et al. 1987) . Edges between crops and forests are examples of hard edges. In such habitats, home ranges of P. leucopus coincided with forest edges and moved < 5 m into an adjacent crop (Yahner 1983; Fleharty and Navo 1983; Goundie and Vessey 1986; Krohne and Hoch 1999) . However, edges become more permeable to P. leucopus movements as crops develop increased structure seasonally (e.g., become softer; Cummings and Vessey 1994) .
Other information on space use by P. leucopus has been obtained for forest habitats, but not specifically related to habitat edges. Graves et al. (1988) found that P. leucopus preferred travel on fallen logs and branches to travel on open ground. Furthermore, when woody ground litter was removed (i.e., dead branches, fallen trees, and logs), P. leucopus displayed longer, straight-line movements, as opposed to short, multi-directional movements common before litter removal (Planz and Kirkland 1992) . Home range size was inversely related to population density (Sheppe 1967; Wolff 1985) , although Metzgar (1971) did not find this relationship. Miller and Getz (1977) found home range size was inversely related to food availability, but other studies did not find such a correlation (Metzgar 1973; Sheppe 1967) . None of these studies investigated effects of edge habitat on vertical space use.
The objective of this study was to determine whether space use by P. leucopus in forest adjacent to agriculture varied along a habitat gradient from forest edge to forest interior. In this way edge was not artificially defined, but rather was linked to spatial changes exhibited by the white-footed mouse and to existing vegetation gradients along an edge-to-interior gradient. We also compared these results to those from artificially defined edges. Specific hypotheses tested were: 1) individuals will constrain their movements to forest except during autumn when vertical structure of adjacent crop develops; 2) individual movement distance will change along the edge-to-interior gradient in response to corresponding changes in habitat variables; 3) vertical use of habitat will change along the edge-to-interior gradient in response to corresponding changes in habitat variables; 4) a habitat gradient more effectively models responses than edges which are artificially defined. Spatial Measurements: Mean squared distance from center of activity (MSD) measures dispersion around a central point and was initially used to estimate circular home range in small mammals (Calhoun and Casby 1958) . MSD is highly correlated with size of home range (Slade and Russell 1998) , and has been used to compare movements between sexes of prairie voles (Swihart and Slade 1989) , between food supplemented and control plots with prairie voles (Slade et al. 1997) , and between fragmented and unfragmented landscapes of several small mammal species (Diffendorfer et al. 1995) .
Methods
This study was conducted at East
Residents were defined as those individuals captured over at least two Percent canopy cover was measured four times in each cardinal direction within the quadrat with a densitometer and averaged for each trap station. DBH of all trees within the quadrat was measured and an average DBH was calculated.
The number of trees and fallen logs (> 5 cm diameter) were counted within the quadrat. Although CWD is typically defined as any standing dead tree (snag), downed log, or fallen branch > 10 cm, we separated fallen logs > 5 cm diameter from CWD < 5 cm diameter because of the specific response displayed by P.
leucopus (Barry and Francq 1980; Barnum et al. 1992) . Snags also were counted as trees since P. leucopus use them as nest sites and day refuges (Wolff and Hurlbutt 1982) . Table 1 for complete list) were tested for normality and log or square root transformed when necessary. Proportional trap data were arcsine transformed.
All variables were tested to detect instances of multicollinearity.
Results
We captured 808 P. leucopus individuals across 3 sites for a total of 8,820 trap nights. Of the 808 captures, 513 (66.5%) were caught in tree traps. Only a single P. leucopus was recorded within the crop field during the entire trapping period.
Other small mammal captures included 68 eastern chipmunks (Tamius striatus), 33 short-tailed shrews (Blarina brevicauda), and 9 Southern flying squirrels (Glaucomys volans). Since none of these other small mammals were marked, it was not possible to tell how many were recaptures.
Vegetation Measurements
Average percent canopy cover increased significantly (P < 0.001) from the edge into the interior of the forest (Fig. 2a) . Average increase in canopy cover was gradual from edge to interior, but abrupt from edge to 10 m. Average number of logs greater than 5 cm diameter increased significantly (P = 0.023) from edge to interior (Fig. 2b) . Average structural complexity decreased significantly (P < 0.001) from edge to interior (Fig. 2c) . When tested individually, each vertical stratum also decreased significantly (all P < 0.001) from edge to interior, though it was the lowest strata (0 m -0.5 m) that consistently measured the greatest vertical cover across all traplines (Fig. 3) . Average CWD did not vary significantly (P = 0.235) from edge to interior though it did show a decreasing trend (Fig. 2d) . Average number of trees decreased significantly (P < 0.001) from edge to interior (Fig. 2e) . The average tree DBH significantly increased (P = 0.005) from edge to interior (Fig. 2f) .
Movement
Movement increased for individuals from edge to interior (n = 32, r 2 = 0.146, P = 0.038). However, when separated by sex it was revealed that females were driving this response (Fig. 4) . Female movement increased on an edge-to-interior gradient (n = 14, r 2 = 0.616, P = 0.002) whereas male movements did not (n = 18, r 2 = 0.006, P = 0.748).
The multivariate variable selection routine selected vertical structural complexity, number of trees, number of logs, and nearest neighbor distance between females as variables for the multiple regression model while eliminating all others. The model revealed that female movement was significantly dependent on those habitat variables (n = 14, r 2 = 0.813, P = 0.002). Female movement was inversely related to structural complexity and number of trees while positively related with number of logs and nearest female neighbor distance (Table 2) .
Vertical Movement
Vertical use increased for individuals from edge to interior (n = 108, r 2 = 0.066, P = 0.007). However, when further separated by sex, it was revealed that females were again driving this response (Fig. 5) . Vertical use by females increased on an edge-to-interior gradient (n = 45, r 2 = 0.174, P = 0.004), whereas male movements did not (n = 63, r 2 = 0.016, P = 0.321).
The multivariate variable selection routine selected number of trees, coarse woody debris, and nearest neighbor distance as variables for the multiple regression model while eliminating all others. The model revealed that female vertical use was significantly dependent on those habitat variables (n = 43, r 2 = 0.375, P < 0.001). Female vertical was inversely related with number of trees, coarse woody debris, and nearest neighbor distance (Table 3) .
Edge-Defined Analysis
No significant difference in movement was detected between those individuals in the interior and those in the artificial 10-m edge (F 1, 30 = 3.76, P = 0.062).
Individuals moved significantly more in the interior than in the 20-m (F 1, 30 = 6.05, P = 0.020) and 30-m (F 1, 30 = 5.55, P = 0.025) artificial edge. Females moved significantly greater distances in the interior habitat for all three artificial edgeinterior divisions but male movements were similar between edge and interior habitats (Table 4) .
Average vertical structural complexity and number of trees were both significantly greater in all three artificially delineated edges, while number of logs > 5 cm diameter was significantly less in all three artificially delineated edge habitats (Table 4) . Average DBH was significantly greater in interior habitat for the 20-m (F 1, 205 = 7.11, P = 0.008) and 30-m (F 1, 205 = 10.61, P = 0.001, Table 4) delineations only.
Discussion
Edge Permeability
Peromyscus leucopus treated the crop-forest edge as a hard edge. Despite an increase in vertical structure of the adjacent cropland in the autumn, only a single individual was captured in the crop throughout the entire study period.
This result agrees with findings of other investigators (Yahner 1983; Fleharty and Navo 1983; Goundie and Vessey 1986; Krohne and Hoch 1999) . It remains possible that P. leucopus could use the adjacent crop as a dispersal corridor during the autumn as Cummings and Vessey (1994) suggest. Our trapline could have missed these dispersal events since our focus was on individuals who had expanded their home range from the forest fragment.
Vegetation Trends
All vegetation variables except CWD varied significantly along an edge-tointerior gradient. Higher tree density and vertical structural complexity closer to the edge support the findings of several investigators (Harper et al. 2005 , Harper and Macdonald 2002 , Murcia 1995 , Palik and Murphy 1990 ) while higher tree DBH and canopy cover in forest interior support the findings of others (Harper et al. 2005 , Murcia 1995 , Williams-Linera 1990 . Although CWD and specifically logs typically decrease from edge to interior (Chen et al. 1992) we found the opposite trend with number of logs. The difference likely lies in the definition, since we defined logs as > 5 cm diameter and anything < 5 cm diameter as CWD whereas other investigators make no such distinction. Although we did not find a significant difference in CWD from edge to interior, there was a decreasing edgeto-interior trend (Fig. 2b) , a finding supported by Harper and Macdonald (2002) .
Sex Differences
Although movement for both sexes increased from edge to interior, female movement was responsible for this edge-to-interior trend. Such a difference in movement between sexes is likely because of differences in territoriality and increased sensitivity to vegetation by females. Home range of males is typically larger than home range of females (White 1964 ) and males defend their territories not only for feeding and refuge sites, but also to gain access to females (Wolff 1989) . The smaller territories of females, on the other hand, are used for feeding, nest sites, and rearing of young (Wolf 1989) . Since females defend smaller, localized territories centered on their nest sites, their home ranges will be small if the habitat meets all of their foraging needs. Males, however, may incur a larger fitness cost by reducing their home range size, because they would lose access to females. Seagle (1985) found that female P. leucopus associated with different, more suitable microhabitat features than males, particularly those features that included structural cover. Furthermore, female home ranges were more responsive to food supplementation (i.e., home ranges were smaller) than males (Hansen and Batzli 1978; Wolff 1985) . Thus, if there was an edge to interior gradient of suitable vegetation to which P. leucopus typically responded (Fig. 2) and females were foraging more within their home ranges, females may need more space in the interior because there was less suitable habitat.
Movement
Movement by females along the edge-to-interior gradient can be explained by dissecting characteristic behaviors and vegetation associations of P. leucopus.
Movement increased as vertical structural complexity decreased from edge to interior (Table 2) . Increased vertical structural complexity at edges may provide foraging opportunities in the form of primary (e.g., seeds and berries) and secondary (e.g., insects) production that may decrease overall movement when compared to other less structurally complex areas (Hamilton 1941 ).
Furthermore, P. maniculatus, a closely related congener, shifted its activity to areas with greater habitat complexity on brighter nights while foraging (Clark 1983 , Travers et al. 1988 ). This predator-avoidance behavior suggests that an association by P. leucopus with increased structural complexity at a habitat edge may be an adaptive response to increased predation at edges. Movement also increased as number of trees decreased from edge to interior. Peromyscus leucopus use trees as travel routes, nest sites, and for foraging opportunities (Hansen and Warnock 1978; Barry and Francq 1980; Wolff and Hurlbutt 1982) .
A lower number of trees in the interior may force females to move greater distances to locate resources. Movement increased with number of logs > 5 cm diameter from edge to interior. This positive association supports findings of Graves et al. (1988) that P. leucopus prefer traveling on logs > 5 cm diameter
than traveling on open ground. Finally female movement increased as between female nearest neighbor distance increased. Although a negative density relationship is well founded in both sexes of P. leucopus, it would likely have a greater effect on female movement since female home ranges do not overlap (Redman and Sealander 1958) .
Vertical Use
Vertical use for both sexes increased from edge to interior but female vertical use was responsible for this edge-to-interior trend. Three variables selected in the multiple regression model for which female vertical use is most closely associated (Table 3) Understanding the spatial use of the white-footed mouse in fragmented habitats is of fundamental importance because any response in a less sensitive generalist species may very well elicit a response in a more sensitive endangered species. What is even more important is consistency in edge measurement and definition if we are to make any progress in edge science. It is the supposition of these authors that there is no such thing as edge habitat from the organism's point of view, but rather a suite of habitat characteristics that typically vary on an edge to interior gradient. Since edges are species specific (Yahner 1988) , it is the task of investigator to determine those specific variables and test them in as unbiased a fashion as possible. Percent vertical cover (%)
